We have experimentally studied the magnetic-field dependence of the decay of a Bose-Einstein condensate of metastable 4 He atoms confined in an optical dipole trap, for atoms in the m=+1 and m=−1 magnetic substates, and up to 450 G. Our measurements confirm long-standing calculations of the two-body loss rate coefficient that show an increase above 50 G. We demonstrate that for m=−1 atoms, decay is due to three-body recombination only, with a three-body loss rate coefficient of 6.5(0.4)stat(0.6)sys ×10 −27 cm 6 s −1 , which is interesting in the context of universal few-body theory. We have also searched for a recently-predicted d-wave Feshbach resonance, but did not observe it.
I. INTRODUCTION
The realization of a Bose-Einstein condensate (BEC) [1, 2] and a degenerate Fermi gas [3] of helium in the metastable 2 3 S 1 state (He * , radiative lifetime of 8000 s) has opened interesting possibilities for research [4] . Prominent examples are measurements of higher-order coherence in atomic matter-waves, including direct comparison between the bosonic and fermionic Hanbury Brown-Twiss effect [5] , direct measurement of third-order coherence [6] , and production of squeezed states by four-wave mixing in colliding BECs [7] . These experiments take advantage of the 19.8 eV internal energy of He * atoms, which allows for single atom detection with high spatial and temporal resolution by using micro-channel plate detectors. Also, ultracold trapped He * allows for precise spectroscopy of very weak atomic transitions [8] , of interest for fundamental tests of twoelectron quantum electrodynamic theory.
The realization of ultracold and dense samples of He * atoms is quite remarkable since the large internal energy allows for detrimental Penning (and associative) ionization loss processes due to collisions between two He * atoms. The corresponding inelastic rate constant, ∼ 1 × 10 −10 cm 3 s −1 [4, 9] , would limit evaporative cooling of He * atoms and inhibit the possibility of achieving BEC. However, in a gas of spin-polarized atoms, Penning ionization is forbidden by spin conservation and leads to a suppression of inelastic collision rates [9] . Shlyapnikov et al. [10] considered the magnetically trappable 2 3 S 1 , m=+1 state (where m is the magnetic quantum number) of 4 He * and found Penning ionization to be suppressed by four orders of magnitude, indicating the possibility of BEC for 4 He * . The strongest inelastic two-body processes for m=+1 were found to be spin-relaxation (SR) and relaxation-induced Penning ionization (RIPI), both induced by the spin-dipole interaction. At zero magnetic field a rate constant of 2×10 −14 cm 3 s −1 , dominated by RIPI, was calculated [10] , which was confirmed by other calculations [11] [12] [13] . Several experiments measured losses in magnetic traps in agreement with this loss rate [2, [14] [15] [16] [17] [19] and the application of Feshbach resonances to control the scattering properties by a magnetic field. Two-body loss rates of low density m = 0, ±1 spin mixtures in an ODT for a small, fixed magnetic field have recently been measured [19] . This study confirmed strong Penning ionization (loss rates on the order of 10 −10 cm 3 s −1 ) for those spin mixtures. In this paper we present trap loss measurements in 4 He * for single-spin m=+1 and m=−1 clouds, which are expected to show suppression of Penning ionization, for fields up to 450 G. In particular, we have investigated the prediction of a strong magnetic-field dependence of the two-body loss rate for atoms in the m=+1 state [10] [11] [12] , which
had not yet been experimentally tested. We have also searched for a d-wave Feshbach resonance, which was recently predicted [21] . This paper is organized as follows. In Sec. II we briefly discuss the collisional properties of spin-polarized, ultracold 4 He * with a particular interest to the dependence with magnetic field. In Sec. III we discuss the time evolution of a trapped gas. In Sec. IV we outline our experimental setup. In Sec. V we present our experimental results and compare to theoretical data from the literature. Finally, in Sec. VI we conclude and give an outlook for using our measured three-body loss rate coefficient in the context of universal theory and for magnetic-field dependent trap losses in ultracold 3 He * -4 He * mixtures, where an 800-G broad Feshbach resonance is predicted [21] .
II. COLLISIONAL PROPERTIES OF SPIN-POLARIZED ULTRACOLD
4 HE *
The collisional properties of an ultracold atomic gas, dominated by s-wave collisions, are intimately linked to underlying two-body potentials. The electron spin of a He * atom with s = 1 gives rise to three distinct Born-
, where the total electronic spin is given as S = s 1 + s 2 . Since 4 He * has no nuclear spin the total atomic spin is equal to the electron spin, s, with projection m. The Hamiltonian of the BO potentials is spherically symmetric and therefore conserves the total electron spin projection, M S . For the interaction between two atoms in either the m=+1 or m=−1 state the total spin projection is |M S | = 2, and therefore scattering is only given by the 5 Σ + g potential. The energy of the least bound state of the 5 Σ + g potential was measured to be h × 91.35(6) MHz [22] , from which a precise quintet scattering length of 142.0(0.1) a 0 (where a 0 is the Bohr radius) has been derived. 
In the following, we will refer to both processes in Eq. 1 as PI. PI is spin-forbidden for scattering in the 5 Σ + g potential, since the total spin of the final PI state cannot exceed 1. Therefore, a spin-polarized sample, i.e., atoms prepared in either the m=+1 or m=−1 state, is stable. However, weak higher-order interactions can couple the different BO potentials which will induce loss processes. Shlyapnikov et al. [10] identified the spin-dipole interaction as the most important higher-order interaction that leads to a weak coupling of the S = 2, M S = 2 state to the S = 2, M S = 0, 1 and S = 0, M S = 0 states. For scattering between identical particles in absence of nuclear spin, the condition S + ℓ=even (where ℓ is the total angular momentum) is required, which excludes coupling to the triplet 3 Σ + u potential. For spin-dipole interactions only M S + M ℓ is conserved, where M ℓ is the projection of ℓ, and ∆ℓ = 0, 2 so that the final channel after the spin-dipole interaction is characterized by ℓ = 2, i.e., dwaves. Furthermore, the spin-dipole interaction allows for coupling between the quintet scattering state and the singlet molecular state with ℓ = 2 and therefore d-wave Feshbach resonances are possible. Ref. [21] predicted the existence of a d-wave Feshbach resonance, either in a pure m=−1 sample below 470 G or in a pure m=+1 sample below 90 G, by varying the singlet potential within the theoretical bounds. In the latter case the molecular state would be a shape resonance.
The spin-dipole interaction induces two inelastic, twobody processes: SR, where the energy gain or loss is determined by the Zeeman energy and RIPI which is due to coupling of the S = 2, M S = 2 state to the S = 0, M S = 0 state, which is a strongly Penning ionizing state. At zero magnetic field the loss rate due to both SR and RIPI is independent of m and therefore is equal for m=+1 and m=−1 states. However, at magnetic fields for which 2µ B B ≫ k B T , both processes are energetically not allowed for m=−1 states. This has the consequence that in a 1 µK cloud of m=−1 He * atoms SR and RIPI can be neglected for magnetic fields larger than 10 mG. The much weaker direct dipole-exchange mechanism and spin-orbit coupling might still be possible, but are estimated to have rates 10 −16 cm 3 s −1 [10, 11] and therefore do not play any role here. For m=+1 atoms trapped in a magnetic trap, SR leads to a transfer to untrapped m=0 and m=−1 states. In an optical trap SR induces two different loss mechanisms. For sufficiently high magnetic fields, i.e., B > 0.1 G for a trap depth of 10 µK, the high gain in kinetic energy of the m=0 and m=−1 reaction products induces instant trap loss of those atoms. For B < 0.1 G, the large PI loss rate constant for collisions between m=+1 and m=−1 atoms and/or between m=0 atoms will also remove those atoms from the trap.
The magnetic-field dependence of SR and RIPI rate constants for m=+1 was investigated in several papers, using perturbative methods [10, 11] and close-coupling calculations [12] , all showing similar behavior that for small magnetic fields RIPI dominates with a rate of ∼ 2 × 10 −14 cm 3 s −1 whereas for large magnetic fields SR becomes the dominant loss mechanism with a maximum rate of ∼ 3 × 10 −13 cm 3 s −1 at a field of 700 G (see Fig. 1 ). Around 100 G a crossover between the two loss processes occurs due to the strong magnetic-field dependence of SR [11, 12] . An increase in trap loss is therefore expected for B > 50 G. [25] , which, within the theoretical bounds, are in good agreement with the latest experimental value of the quintet scattering length [22] . The difference between the rate coefficients obtained by these different 5 Σ + g potentials is, at most, a factor of two [26] .
For large enough densities, trap loss caused by threebody recombination (TBR), described by
will compete with two-body loss processes. He * 2 in Eq. 2 will undergo fast PI. The energy gain in TBR is given by the binding energy of the least bound state of the 5 Σ + g potential, which in temperature units is 4 mK, leading to loss in both magnetic and optical dipole traps. TBR depends strongly on the scattering length, a. In particular, when a is much larger than the van der Waals length, r vdW , the rate coefficient for TBR, L 3 , is given by
where, for a > 0, C(a) is an oscillating function between 0 and 70 with an unknown phase [27] and assuming that three atoms are lost from the trap [28] . For 4 He * , a/r vdW ≈ 4 [29] , and universal few-body physics related to a large scattering length [27] can be expected. Since the scattering length for m=+1 and m=−1 atoms is equal and magnetic-field independent, so is the threebody loss rate coefficient.
III. TRAP LOSS EQUATION
In order to study the different loss processes one has to monitor the time-evolution of the density of a trapped atomic gas, which can be described as:
The first term takes into account one-body loss, mainly due to collisions with background gas, which causes exponential decay with a time constant τ . L 2 and L 3 are the rate coefficients for two-and three-body loss, respectively, and are defined such that they explicitly include the loss of two and three atoms per loss event. The constants in front of L 2 and L 3 are κ 2 = 1/2! and κ 3 = 1/3! for a BEC (where we neglect quantum depletion [15] ), while κ 2 = κ 3 = 1 for a thermal gas [30].
Since we measure the atom number, N , we have to integrate Eq. 4, which for a BEC in the Thomas-Fermi regime giveṡ
where [31] . Analytical solutions of Eq. 5 can be found for pure twoor three-body loss, but in general one has to solve Eq. 5 numerically.
IV. EXPERIMENTAL SETUP
Our experimental setup and cooling procedure has been outlined earlier [8, 17] . In short, we use a liquidnitrogen cooled dc-discharge source to produce a beam of metastable helium atoms that is collimated, slowed and loaded into a magneto-optical trap in 2 s. The atomic gas is optically pumped into the m=+1 state, after which it is loaded into a cloverleaf magnetic trap. After 2.5 s of 1D-Doppler cooling and 5 s of forced evaporative RF cooling, BEC is realized. We transfer up to 10 6 atoms into a crossed ODT at 1557 nm, which is formed by two beams that are focused to a waist of 85 µm at the intersection and cross under an angle of 19
• in the horizontal plane [8] . The power used for our ODT is between 100 and 500 mW. A small, uniform magnetic field is applied to ensure that atoms stay in the m=+1 state after they have been transferred into the ODT. To prepare a spinpolarized sample in the m=−1 state, a small magnetic field sweep from 1 to 2 G in 50 ms is applied while the atoms are in an RF field at a fixed frequency to transfer atoms from the m=+1 state to the m=−1 state with nearly 100% efficiency (see Fig. 2 ).
Once atoms are trapped in the ODT, the axial compensation coils of the cloverleaf magnetic trap are used to create the required magnetic field. The magnetic field is calibrated by performing spin flips between m=+1 and m=−1 as described above, recording the RF resonance frequency at different currents applied through the coils. Because the coils are not in a geometrically ideal Helmholtz configuration, the field creates an antitrapping potential for m=−1 and a trapping potential for m=+1, with a curvature of about 0.1 G/cm 2 for a field of 1 G. This curvature primarily affects the axial trap frequency. The decrease (m=−1) and increase (m=+1) of the axial trap frequency is 19% at 450 G for the loss rate measurements presented in this paper and is corrected for in the analysis. Furthermore, the curvature effectively leads to a decrease of the trap depth for atoms in the m=−1 state, so that for a particular ODT power there is a maximum magnetic field beyond which all Bose-condensed m=−1 atoms escape from the trap. The inhomogeneity of the magnetic field across the BEC in the ODT is on the order of 1 mG and plays no role in this study.
The number of trapped 4 He * atoms is measured by turning off the ODT, which causes the atoms to fall and be detected by a micro-channel plate (MCP) detector, which is located 17 cm below the trap center and gives 
FIG. 2. (Color online) (a) Zeeman diagram of
4 He * and absorption images that show the population of the magnetic substates of the 2 3 S1 manifold after a Stern-Gerlach type experiment for (left to right) a mixture of m=0,±1 atoms, spinpolarized m=+1 atoms and spin-polarized m=−1 atoms. (b) Dressed picture of 4 He * in an RF field, leading to an avoided crossing at B = hνRF /(2µB). An adiabatic passage over the avoided crossing leads to transfer from m=+1 to m=−1 and vice versa.
rise to a time-of-flight of approximately 186 ms. From a bimodal fit to the MCP signal, the BEC and thermal fraction are extracted as well as the temperature and the chemical potential, µ, of the trapped gas [8, 19] . We use absorption imaging for setting up the transfer scheme between m=+1 and m=−1 states by using Stern-Gerlach separation, as shown in Fig. 2(a) , and to measure trap frequencies by recording induced trap oscillations.
The BEC part of the signal from the MCP detector (V MCP ) relates to the number of condensed atoms as N c = αV MCP , where α is a conversion factor dependent on several factors, such as the applied potential difference across the MCP detector and on its detection efficiency. In the Thomas-Fermi limit, the relation between µ and the number of condensed atoms is 2µ = (15aω
, where M is the mass of a helium atom, and is used to determine α (see Fig. 3 ). Since the scattering length is known [22] and the value for the average trap frequency,ω = 2π(ν ax ν The determination of α for atoms in an ODT is much more reliable than in a magnetic trap. In the case of atoms in a magnetic trap, the velocity distribution may be distorted during trap switch-off as a result of magnetic-field gradients on the initial expansion of the atomic cloud. These gradients can lead to an overestimation of µ [17] . A ballistic expansion from the ODT, however, is not hindered by these effects.
The experimental procedure to study magnetic-field dependent trap loss is as follows. Atoms are confined in the ODT and are in the m=+1 state. Next, a small magnetic field of 0.5 G is applied to ensure a quantization axis. Atoms are then transferred to the m=−1 state using the spin-flip procedure illustrated in Fig. 2 . The reason for performing this initial spin-flip is that absorption imaging showed that, unlike m=−1 atoms, hot atoms in the m=+1 state would remain trapped in the wings of the crossed ODT due to the additional trapping force resulting from the residual magnetic-field curvature. After 500 ms of rethermalization time, either another spin-flip procedure is performed in which case trap loss experiments for m=+1 atoms are investigated, or, atoms remain in the m=−1 state. The magnetic field is then ramped up to a certain value in 100 ms, the atoms remain in this field for a variable time (ranging from 10 ms to 50 s), after which the magnetic field is turned off. Finally, the small 0.5 G field and the ODT are both turned off and the number of metastables is monitored by the MCP detector. N0 and N1 represent the number of condensed atoms remaining after exposed to a magnetic field for 10 ms and 2 s, respectively. Two-body loss processes are energetically not allowed for atoms in the m=−1 state and therefore the total loss rate is dominated by the three-body loss rate which is independent of magnetic field.
V. RESULTS

A. Two-and three-body loss
We have performed two types of measurements: (1) we compare the total magnetic-field dependent loss rate for atoms in the m=+1 state versus the m=−1 state, and (2) we monitor the lifetime of the BEC for various magnetic fields for atoms in both the m=+1 state and the m=−1 state. The first measurement illustrates the differences between atoms in the m=+1 and m=−1 states, in particular, that m=−1 atoms have no magnetic-field dependent loss processes, as shown in Fig. 4 . The experimental procedure is to measure the number of atoms remaining for a fixed hold time of either 10 ms (representing the initial atom number N 0 ) or 2 s (representing the final atom number N 1 ), in the presence of various magnetic fields between 10 and 450 G for atoms in both the m=+1 and m=−1 states. The remaining fraction, N 1 /N 0 , gives insight into the magnetic-field dependence of the loss processes. At fields <100 G the total loss for m=+1 and m=−1 samples are equal since three-body loss is the dominating mechanism and the two-body loss rate remains small at these fields. At approximately 100 G SR begins to contribute significantly to the total loss and a clear difference between the m=+1 and m=−1 states becomes evident. Atoms in the m=−1 state cannot undergo two-body loss processes because it is energetically not allowed and since three-body loss process are magnetic-field independent the remaining fraction for an m=−1 sample remains constant as a function of magnetic field. Due to the curvature of the magnetic field, as discussed in Sec. IV, there is a maximum magnetic field for which the depth of the ODT (∼1 µK) is sufficient to confine m=−1 atoms, which was 210 G in this case.
The second measurement is to monitor the timeevolution of the number of condensed atoms and solve Eq. 5 to determine τ , and L 2 and L 3 as a function of magnetic field. Since τ characterizes background collisions it is independent of magnetic field and insensitive to whether atoms are in the m=+1 or m=−1 state. By looking at trap loss for atoms in a 10 G field at long (20 to 40 s) hold times a value of τ ∼25 s was determined. As it can be difficult to distinguish between two-and three-body loss, we first extract L 3 by looking at trap loss for atoms in the m=−1 state (for which two-body loss is absent) and use this value to determine L 2 as a function of magnetic field for atoms in the m=+1 state. This is valid since three-body loss rates are equal for both spin states. We have shown that threebody loss is indeed independent of magnetic field (see Fig. 4 for m=−1 atoms) and we have determined a value of L 3 = 6.5(0.4) stat (0.6) sys × 10 −27 cm 6 s −1 . The systematic uncertainty is due to the propagation in uncertainties of a, τ , ν ax , ν rad and the conversion factor α. The present value of L 3 is in fairly good agreement with previous experimental results, but more accurate. Previously, our group has measured the three-body loss rate to be 9(3)×10 −27 cm 6 s −1 [4, 17] , the experiment of Seidelin et al. [16] determined 0.8
−27 cm 6 s −1 (corrected [15] for the current value of a), and an upper limit of 1.7(1)×10 −26 cm 6 s −1 was given by Pereira Dos Santos et al. [2] . Our value is larger than the only published theoretical value of L 3 of 2 × 10 −27 cm 6 s −1 [11, 18] , in which a scattering length independent prefactor in front of the a 4 scaling was assumed (see Eq. 3), with C = 3.9, and a larger scattering length of 190a 0 was used.
Having determined the one-body lifetime τ and the three-body loss rate L 3 we are now in the position to extract the two-body loss rates L 2 by numerically integrating Eq. 5 for m=+1 atoms. Fig. 5 shows the lifetime of a trapped sample of m=+1 atoms in a low (squares) and a high (circles) magnetic field. For m=+1 atoms in low magnetic fields, theory predicts that two-body losses are small and remain relatively constant up to 50 G (see Fig. 1 ). We indeed observe that for small magnetic fields (B < 75 G) our m=+1 data are fully dominated by three-body loss. For large magnetic fields (B > 75 G) the inclusion of two-body loss is required to fit the data.
We show our experimental results for the two-body loss rate L 2 as a function of magnetic field in Fig. 6 , together with theory [12] . Our low field data are in good agreement with previous experimental results at zero magnetic field: 2(1)×10 −14 cm 3 s −1 [4, 17] , 0.4 [16] (corrected [15] for the current value of a), and an upper limit of 8.4(1.2)×10 −14 cm 3 s −1 [2] . Our result shows good agreement between experiment and theory at magnetic fields up to 250 G but deviates, up to approximately a factor of 1.3, at higher magnetic fields. The theoretical evaluation is strongly dependent on the 5 Σ + g potential. The long-range part of the potential is well known; however, the short-range part of the potential is not well known and therefore our data can be used to correct the short-range part of the potential [10, 26] .
B. Feshbach resonance
We have searched for the narrow d-wave Feshbach resonance, caused by a ℓ=2 singlet molecular state, with a predicted width of 20 mG [21] . In general, at a Feshbach resonance loss processes are enhanced, leading to loss resonances as a function of magnetic field. The 20 mG width of this resonance is broad enough to be observed as resonant loss in our BEC (see Ref. [32] where even much narrower resonances down to 2×10 −4 mG were observed, although with a 10× higher density).
We have scanned magnetic fields up to 560 G for m=−1 (using both the compensation and pinch coils to reach fields above 450 G, and a much deeper ODT trap) and 120 G for m=+1, fully covering the predicted range. We have used small magnetic field sweeps of 1-2 G in a few seconds, but did not observe any resonant enhanced loss. One possible explanation is that the finite lifetime of the singlet molecular state, due to Penning ionization, leads to a broadening of the Feshbach resonance [21] . We expect the lifetime of the singlet molecular state to be much shorter than that of the quintet molecular state, which is 1 µs [22] .
VI. CONCLUSION AND OUTLOOK
We have investigated the stability of ultracold spinpolarized gases of 4 He * in both m=+1 and m=−1 states. We have experimentally confirmed the long-standing theoretical prediction of a magnetic-field dependent twobody loss rate, which limits the stability of atoms in the m=+1 state at magnetic fields above 100 G. For m=−1 atoms two-body loss is energetically not possible (when 2µ B B ≫ k B T ), and therefore only three-body loss limits the lifetime of a dense sample, which is independent of magnetic field. We have also searched for a d-wave Feshbach resonance but did not observe one within the range of magnetic fields predicted by theory. We expect the short lifetime of the corresponding molecular state of the 1 Σ + g potential to be responsible for smearing out of the resonance.
Our measured L 3 coefficient is interesting in the context of universal few-body physics [27] , as the interactions in a spin-polarized 4 He * gas are governed by a large two-body scattering length with a/r vdW ≈ 4. We note that recent theoretical few-body studies have focussed on ground state 4 He and alkali atoms with tunable scattering length around a Feshbach resonance. Even though spin-polarized 4 He * atoms do not provide a tunable scattering length, it does provide an interesting benchmark system because of very accurate knowledge of the twobody potential [25] and can be used to study effects beyond universal theory (i. e. , Refs. [33] [34] [35] ).
Future experiments will advance in the direction of ultracold 3 He * -4 He * mixtures [3] . 3 He * has nuclear spin, but because of its inverted hyperfine splitting, the lowest spin state is spin-stretched. Therefore, a mixture of 3 He * -4 He * prepared in the lowest spin channel is also stable against Penning ionization as well as SR and RIPI which are energetically not allowed. This stability provides an ideal starting point to prepare an ultracold mixture in the dipole trap at large magnetic fields in order to explore the recently-predicted 800-G broad interspecies Feshbach resonance [21] .
